It has been known for more than 60 years that urinary obstruction increases the susceptibility of the kidney to infection. In the past, it was thought that obstruction provided a pool of stagnant culture medium in which infection was initiated. Many reasons for discarding this hypothesis have been presented elsewhere.' On the other hand, there is considerable evidence that urinary obstruction lowers renal resistance by some effect of increased tissue pressure.' Increased tissue pressure can influence cells directly in a mechanical way or indirectly by impeding blood or lymph flow.
It has been known for more than 60 years that urinary obstruction increases the susceptibility of the kidney to infection. In the past, it was thought that obstruction provided a pool of stagnant culture medium in which infection was initiated. Many reasons for discarding this hypothesis have been presented elsewhere.' On the other hand, there is considerable evidence that urinary obstruction lowers renal resistance by some effect of increased tissue pressure.' Increased tissue pressure can influence cells directly in a mechanical way or indirectly by impeding blood or lymph flow.
The present study is an attempt to separate the direct mechanical and indirect hemodynamic consequences of increased intrarenal pressure. This is not a simple matter since alterations of tissue pressure change blood flow and alterations of blood flow change tissue pressure. It was reasoned that some separation of tissue pressure and blood flow could be accomplished in the kidney by comparing the effects of renal artery occlusion and renal vein occlusion. Renal artery occlusion decreases blood flow and decreases tissue pressure, whereas renal vein occlusion decreases blood flow but increases tissue pressure. Although the hemodynamic and metabolic consequences of arterial and venous occlusion are not precisely similar, in both cases blood flow is decreased. The studies to be described were designed to test whether an effect of increased tissue pressure on susceptibility to infection could be distinguished under the conditions of the two experimental types of decreased blood flow.
MATERIALS AND METHODS
Animals: The experimental animals were white male Sprague-Dawley rats weighing 300-500 gm.
Bacteria: The bacterium employed for these studies was a strain of E. coli which has been used in this laboratory for a number of years. The details of its characteristics and the method of maintenance have been described elsewhere.' The inoculum for experiments was 0.5 ml. of a 4-hour broth culture containing 4 to 7 x 10' viable units per ml. Bacteria were enumerated by preparing agar pour plates of serial tenfold dilutions and counting the number of colonies after 24-48 hours of incubation.
Operative technique and experimental design: Intraperitoneal pentobarbital sodium (27 mg/kg. of body weight) was used for anesthesia. The abdomen was shaved with an electric clipper, cleansed with 70 per cent ethanol and the bacterial inoculum injected intravenously into the tail vein. A midline incision was made from the tip of the xyphoid to 2 cm. above the pubic symphysis and the abdominal viscera were packed aside with gauze soaked in sterile saline to expose the left kidney. The ureter was visualized but never manipulated. Approximately 1 cm. from the renal pelvis, the renal artery and vein were separated by blunt dissection. Ten to 20 minutes after the intravenous injection of E. coli, a sterile 4-0 black silk ligature was placed around either the left renal artery or vein and tied over a small piece of soft rubber, completely occluding the vessel. The period of occlusion varied in different experiments from '2 to 2¼2 hours. The peritoneum was approximated with silk sutures and the skin closed with metal clips.
Five minutes before the ligature was to be removed, supplementary ether anesthesia was given. The abdominal cavity was entered and at the prescribed time the ligature over the protecting rubber was cut and both were removed. The previously occluded vessel filled, and the kidney promptly regained its pre-operative color. Closure was carried out in the usual way.
One to seven days later, the abdomen and thorax of the animal were exposed as described previously. The left renal pedicle was examined for evidence of vascular thrombosis and none was found. Urine was aspirated from the bladder and a drop streaked on a blood agar plate. Blood was aspirated from the heart and 1 ml. mixed with warm agar in a pour plate. The left (experimental) and right (control) kidneys were removed, placed in sterile Petri dishes, sectioned longitudinally and examined grossly. In most cases one half of each kidney was sent for microscopic section. The kidneys were then placed in TenBroeck grinders and ground in Several experiments were carried out in which the same procedure was followed, but E. coli were not injected. Kidneys from these animals were examined similarly.
Gross changes in the kidney immediately follouing vascular occlusion
Immediately following occlusion of the renal artery, the kidney became pale and soft, and smaller. When the abdomen was opened to remove the ligature, the surface of the kidney had a pale slate-brown color characteristic of total ischemia.8 When the ligature was released, the segment that had been compressed opened, and the distal segment of the vessel dilated and pulsated vigorously. Within 10-30 seconds, multiple small dark-purple regions appeared on the kidney surface. These enlarged and coalesced as the kidney returned to its previous color, size, and consistency. Within two minutes bright red blood could be seen flowing within the vein.
In contrast, after venous occlusion, the kidney promptly increased in size and darkened. Within five minutes the kidney was blue-black and the capsule was tense. When the ligature was removed, the capsule and perinephric fat were extremely edematous, nearly filling the left side of the peritoneal cavity. These changes were evident in all animals subjected to renal vein occlusion. Re-establishment of blood flow was observed three to five minutes after removal of the ligature.
Gross findings 1 to 7 days after vascular occlusion
There were gross differences between the experimental (left) and control (right) kidneys but none to differentiate whether the occlusion had been arterial or venous. The experimental kidneys were lighter in color and some contained pale yellow-white regions of infection or abscess. It was possible to distinguish abscesses from infarcts only by bacteriologic and microscopic examination.
Bacteriologic studies of the kidney A kidney from which 105 or more viable organisms were recovered was considered infected since the finding of fewer bacteria is common in the normal kidney during this interval following intravenous inoculation of large numbers of organisms.'
As can be seen in Table 1 , only a single kidney subjected to less than 1 2 hours of either arterial or venous occlusion became infected. After 1'2 hours, 2 of 10 kidneys with venous occlusion and 5 of 10 kidneys with arterial occlusion were infected. After 2 hours, 6 of 10 kidneys with venous occlusion and all of 10 kidneys with arterial occlusion were infected. After 2Y2 hours of vascular occlusion all the experimental kidneys were infected. 10,000,000 1,000 3 0 <1,000 <1,000 3 1 /2 hours 0 100,000,000 <1,000 4 0 <1,000 <1,000 4 0 <1,000 <1,000 3 + 10,000,000 <1,000 7 0 <1,000 <1,000 6 + 10,000,000 <1,000 6 0 100,000 <1,000 3 0 10,000,000 1,000 3 0 100,000,000 <1,000 3 0 100,000,000 <1,000 7 2 hours + 10,000,000 <1,000 7 + 1,000,000 1,000 6 + 100,000,000 <1,000 6 + 100,000,000 <1,000 6 + 100,000,000 <1,000 4 + 100,000,000 <1,000 3 0 <1,000 <1,000 3 0 10,000 1,000 3 0 10,000 10,000 3 0 1,000,000 <1,000 3 0 <1,000 <1,000 6 0 10,000 1,000 3 0 10,000 1,000 3 0 <1,000 <1,000 3 0 <1,000 <1,000 4 0 <1,000 <1,000 4 + 100,000,000 1,000 3 0 1,000 1,000 7 0 <1,000 <1,000 7 + 100,000 1,000 6 0 <1,000 <1,000 6 + 10,000,000 1,000 3 + 10,000,000 <1,000 3 0 10,000 1,000 3 + 1,000,000 <1,000 3 0 1,000 <1,000 3 0 1,000 1,000 7 0 1,000 <1,000 7 0 100,000 <1,000 7 + 1,000,000 1,000 6 + 100,000,000 <1,000 6 + 100,000,000 1,000 3 + 100,000,000 <1,000 3 + 100,000,000 <1,000 7 + 100,000,000 <1,000 7 2Y/2 hours + 100,000,000 <1,000 7 + 100,000,000 <1,000 6 + 100,000,000 10,000 3 + 100,000,000 1,000 3 + 100,000,000 <1,000 7 + 100,000,000 <1,000 7 None of the right (control) kidneys were infected. In the animals subjected to vascular occlusion without bacterial inoculation, all kidneys were sterile at the time of study (Table 2) .
Microscopic findings
All right (control) kidneys were normal on microscopic examination (Fig. 1) .
The principal aim of histological study of the kidneys was to determine the changes which were and were not associated with increased susceptibility to infection. Since vascular occlusion of less than one hour was never associated with infection, whereas occlusion of two hours or more was nearly always accompanied by infection, the microscopical appearance of kidneys from animals which did not receive bacteria was studied after 45 minutes and after two hours of vessel occlusion. After 45 minutes of arterial or venous occlusion the glomeruli were normal but tubular epithelial cells in the cortex had indistinct luminal borders, and foamy basophilic cytoplasm and hyaline casts were sometimes seen in the tubular lumina. Abnormalities were most marked in the intermediate zone of the kidney. In this zone, the tubules were widely dilated, lined with flat epithelium with basophilic cytoplasm, and occasionally filled with colloid casts (Fig. 2) . In the medulla the tubular epithelium appeared almost normal. There was slight cytoplasmic basophilia, the cell borders were indistinct and colloid casts were rarely seen. Collections of leukocytes were not seen in the interstitium of this zone. After two hours of occlusion more extensive medullary damage was seen and differences became evident between the kidneys subjected to arterial and venous occlusions. In the venous group, the findings in the cortex and intermediate zone were the same as those in the 45-minute series. However, there were greater numbers of colloid casts in the intermediate zone and now they were frequently encountered in the medulla. The medullary tubular epithelium showed degenerative changes similar to those in the cortex, i.e., indistinct luminal borders and foamy basophilic cytoplasm, and polymorphonuclear leukocytes were found in tubules and in the interstitium (Fig. 3) . The arterial group showed this same evidence of ischemic damage in the medulla (Fig. 4) , but in addition frank infarcts were seen in the intermediate zone, cortex and medulla (Fig. 5) . The center of the infarcted regions was devoid of inflammatory reaction, and even at the periphery of the infarcts, inflammatory response was sparse.
In animals subjected to arterial occlusion of 1Y2 and 2 hours following the inoculation of bacteria, the infected kidneys could easily be distinguished microscopically from the uninfected kidneys. Infarcts and microabscesses were not seen in uninfected kidneys. In the majority of infected kidneys, most of the intermediate zone and medulla were infarcted with an intense polymorphonuclear infiltrate surrounding the infarcts (Fig. 6) . These regions appeared grossly as infarcts-abscesses. Microabscesses were present throughout the uninfarcted regions of the intermediate zone and medulla in kidneys with infarction as well as in some kidneys in which no infarcts were found. These uninfarcted regions contained necrotic, at times calcified tubules containing hyaline, colloid, and cellular casts.
Arterial occlusion for 2X2 hours resulted in almost complete infarction of the kidney with surrounding cellular reaction. In infected kidneys, the majority of the cortical tubules were irreversibly damaged and replaced by eosinophilic amorphous necrotic debris outlined by intact interstitial tissue. The remaining intact but damaged tubules often contained colloid casts. Despite the cellular damage, inflammatory cells were rarely seen in the cortex.
Infection in animals with renal vein occlusion following bacterial inoculation was not easily identified microscopically. After 1>2 hours of venous occlusion, there was no difference between infected and uninfected kidneys.
In both, the findings were similar to those in the 45-minute uninoculted series, i.e., degeneration of the tubular epithelium in the cortex and dilated tubules in the intermediate zone and medulla. In infected and uninfected kidneys, there were collections of inflammatory cells surrounding tubules and glomeruli. This was pronounced in the two-hour venous group where colloid casts, diffuse cellular infiltrates, and cellular casts were seen in uninfected kidneys (Figures 3 and 4) . It was only after 2½2 hours of venous occlusion where, in association with infection, definite microabscesses and infarcts were seen.
Urine cultures
A positive semiquantitative urine culture was found in the majority of experimental animals. However, a positive urine culture was not a reliable indication of the presence of renal infection since 85 per cent of infected animals (29/34) and 64 per cent of uninfected animals (23/36) had bacteriuria. Positive urine cultures were most often associated with at least 103 E. coli in one kidney (77%o, 40/52) or with bacteremia (75%, 39/52).
There were only two animals in which E. coli were present in the bladder urine but not in the blood or kidney. Arterial or venous occlusion made no difference in the results of urine cultures; 27 positive cultures were from the former group and 25 from the latter group. Similarly, there was no increase in the finding of E. coli in the bladder urine with increasing duration of vascular occlusion.
A positive urine culture seemed to be associated with the presence of viable organisms in either the blood stream or parenchyma of a kidney damaged by ischemia. The duration of ischemia did not appear to influence the incidence of bacteriuria.
DISCUSSION
Experiments were conducted to test the effect of occlusion of the renal artery or vein on susceptibility of the kidney to infection. The results indicate that artery or vein must be occluded for a similar period to produce increased susceptibility to infection.
Despite the similar time of vascular obstruction required for the development of susceptibility to infection, there were important differences in the underlying structural changes of arterial and venous occlusion at the time susceptibility to infection was demonstrable. Less ischemic damage was visible after venous occlusion than after the same amount of arterial occlusion. Infections after arterial occlusion were easily detected grossly as they were superimposed upon extensive damage, usually infarction, in the medulla and papilla. On the other hand, infections after venous occlusion were usually not morphologically detectable, even microscopically; underlying ischemic damage was much less severe and medullary infarction occurred only rarely after prolonged venous occlusion. These differences between arterial and venous occlusion were probably a result of the extensive venous collateral system and the provision of reserve supplies of oxygen by the large quantities of trapped blood.8"' It appears, therefore, that for a given amount of visible anoxic tissue damage, venous obstruction was more effective in increasing susceptibility to infection than arterial obstruction. Furthermore, since the earliest infections after arterial occlusion were usually superimposed on gross infarcts, it would seem that the anoxic damage due to 1 52 to 2 hours of venous obstruction was insufficient to account by itself for susceptibility to coliform infection. Therefore, the hypothesis is proposed that increased tissue pressure in some way contributes to increased susceptibility to infection and that this contribution is separate from the alterations of blood flow which lead to visible anoxic tissue damage.
To substantiate this thesis, it would be desirable to test the effect of increased tissue pressure on susceptibility to infection in circumstances where blood flow could be kept constant. A suitable experimental model has not, however, been developed. Others have demonstrated increased renal susceptibility to infection after inducing alterations of renal blood flow."' Studies have not been found, however, which compare the effects of arterial and venous occlusion.
There is evidence that some of the effects of ureteral obstruction on the kidney are brought about by obstruction of renal veins. Kidney tissue pressure changes are similar after occlusion of the ureter or renal vein. Sheehan and Davis conclude that "obstruction to the venous drainage is perhaps the most significant factor" in the production of various parenchymal lesions after ureteral obstruction.8 From the standpoint of susceptibility to infection, it would be desirable to measure the effect of timed periods of ureteral obstruction. This is not possible, however, since constriction of the ureter for even a short time produces changes which persist much longer.9 A similar problem complicates interpretation of the effect on susceptibility to infection of short periods of alteration of blood pressure or vascular tone.' It has been clearly shown that morphological vascular changes may persist much longer than the original injurious stress,l and it is possible that functional alterations also are more long lasting.
Although there was considerable cortical and intermediary zone damage after short periods of vascular occlusion, it is remarkable that infections did not occur with regularity until damage was evident in the medulla and papilla. Failure to initiate infections despite significant cortical injury, confirms previous reports from this laboratory which have pointed out the critical role of medullary and papillary damage in increasing susceptibility to infection. ' 2 In this regard, it is of interest to compare the present data with those of Miles, Miles, and Burke.' These authors have shown that alteration of blood flow for about two hours was necessary to influence the outcome of skin infection. They have termed this two-hour interval the "decisive" period. For the kidney infections produced in the present study, two hours was also the period required to induce susceptibility to infection and this amount of vascular occlusion coincided with the occurrence of visible medullary zone damage.
The results of these experiments also bear on the pathogenesis of papillary necrosis of the kidney. Although medullary and papillary infarcts resulted from arterial occlusion alone, infarcts were much more extensive when anoxia was combined with infection. The complementary role of anoxia and infection confirms one view of pathogenesis derived from clinical and pathological observations in man.'
The sequence of changes, their distribution and reversibility following renal ischemia have been studied extensively by others. Widespread tubular dilatation mimicking urinary obstruction is a prominent finding and has been commented upon previously by Sheehan and Davis.8'"8 The present studies do not offer any further insight into the mechanism of this change.
Tissue changes resulting from periods of arterial or venous occlusion alone may resemble very closely those produced by bacterial infection. Interstitial inflammation, tubular dilatation with colloid cast formation and tubular pus casts, typical features of pyelonephritis, were found frequently in sterile kidneys from animals which had not been injected with bacteria.
Similar changes were described previously in kidneys with sterile hydronephrosis; very possibly alterations of blood flow in hydronephrosis are involved in their pathogenesis.' It is likely that this nonbacterial inflammation provides the basis for some of the difficulty in the diagnosis of pyelonephritis in man7 8 The finding of bacteria in the urine of these animals in the absence of obvious pyelonephritis deserves mention. In the normal animal, bacteria are not detected in the urine following their inoculation intravenously until bacterial multiplication occurs in the renal parenchyma.' Unfortunately, in the present study, urine samples were not tested for blood. This determination is important for the interpretation of these findings since all but two of the animals with positive urine cultures had E. coli circulating in the blood stream or detectable in the kidney at the time of urine culture. Although many explanations for this finding may be suggested, the one which is immediately apparent is that ischemic damage to the kidney may permit the passage of bacteria from the blood stream to the urine even in the absence of detectable bacterial multiplication within the renal parenchyma. Further study would be required to establish this point.
SUMMARY
Experiments are presented which demonstrate that similar periods of occlusion of the renal artery and vein are necessary to increase the susceptibility of the kidney to infection.
Infections following arterial occlusion occurred when ischemia was continued to the time when infarction of tissue was common. On the other hand, infections following venous occlusion occurred before the development of infarcts.
It is suggested, therefore, that increased tissue pressure may increase susceptibility to infection in combination with a degree of ischemia which, alone, appears insufficient to permit the development of infection.
Although considerable cortical and intermediary zone damage was evident in the kidney after short periods of ischemia, only after more prolonged ischemia resulting in visible injury to the medulla and papilla were infections regularly produced. These observations, once again, confirm the importance of damage to the medullary zone in increasing the kidney's susceptibility to infection.
Renal papillary necrosis was produced by arterial occlusion in the absence of infection, but appeared to be more extensive in infected animals.
Some of the histological features in sterile kidneys resulting from an interval of renal artery or vein occlusion resemble changes produced by bacterial infection of the kidney. It is suggested that alterations of blood flow are responsible for similar histological changes evident in the kidneys of animals with sterile hydronephrosis.
